Background and objectives Fibroblast growth factor-23 (FGF23) regulates mineral metabolism. Circulatory FGF23 levels are increased and predict outcomes in CKD. However, the relation of FGF23 to albuminuria and disease progression in patients with CKD and one underlying diagnosis is unknown.
Introduction
Fibroblast growth factor-23 (FGF23) is a circulating hormone that plays a vital role in the systemic regulation of mineral metabolism by promoting renal phosphate excretion and reducing the synthesis of active 1,25-dihydroxyvitamin D (1, 25 [OH] vitamin D) by direct actions on the kidney (1, 2) . In CKD, renal excretion of phosphate is compromised, leading to a compensatory increase in FGF23 level and development of secondary hyperparathyroidism (3, 4) . Mild increments in FGF23 are commonly detected in CKD stage 2-3, whereas its circulatory levels are markedly elevated in ESRD (5) (6) (7) (8) (9) .
High systemic FGF23 levels, both in patients with CKD and those without, are linked to adverse outcomes, including cardiovascular disease (CVD) and death (10) (11) (12) . It remains to be elucidated whether FGF23 per se is toxic to the cardiovascular system or whether FGF23 is merely a biomarker of multiple biochemical and metabolic derangements that parallel the progression of CKD. Recent studies indicate that the predictive value of FGF23 is higher and more consistently associated with outcomes than are other previously reported risk factors within mineral metabolism, such as hyperphosphatemia and elevated parathyroid hormone (PTH) (10, 11) . Experimental data favor a direct pathophysiologic role of the FGF23 co-receptor Klotho in renal fibrosis and vascular calcification (13, 14) , potentially explaining its relation to CKD progression and CVD.
Albuminuria is a major cardiovascular risk factor both in the community (15, 16) and in the CKD population (17) . Despite the linkage of FGF23 to structural or dynamic cardiovascular changes, such as endothelial dysfunction, atherosclerosis, and left ventricular hypertrophy (7, 8, (18) (19) (20) (21) , its relation to albuminuria has not been systematically examined. Further, the predictive value of FGF23 for CKD progression has been evaluated in heterogeneous cohorts but not in patients with a single renal diagnosis.
Materials and Methods

Patient Cohort
Study participants were 180 patients with CKD stage 1-4, a renal diagnosis of IgA nephropathy (IgAN), and a follow-up time of at least 1 year. Median time from diagnosis (i.e., renal biopsy) to inclusion was 23 months (range, 4-93 months). This evaluation is a post hoc analysis based on an ongoing prospective study in patients with a biopsy-confirmed diagnosis of IgAN treated at Karolinska University Hospital or Danderyd University Hospital, Stockholm, Sweden. Exclusion criteria were inconclusive biopsy findings; an overlapping histopathologic diagnosis; or a concomitant clinical diagnosis of diabetes, malignancy, and chronic rheumatologic or inflammatory bowel disease. Twenty-three patients (13%) had a diagnosis of IgAN with initial manifestations of Henoch-Schönlein purpura.
Most patients were receiving antihypertensive medications at time of inclusion: angiotensin-converting enzyme inhibitors (ACEIs) or angiotensin-receptor blockers (ARBs) (73%) or any antihypertensive drug (76%). Three percent of the patients were taking calcitriol supplementation; 2%, phosphate binders; 17%, hydroxymethylglutaryl coenzyme A reductase inhibitors; 8%, fish oil; and 4%, immunosuppressive treatment with prednisolone. At last follow-up, the proportion of patients receiving ACEIs or ARBs had increased to 81%, and the proportion receiving any antihypertensive drug had increased to 83%; 13% were taking vitamin D receptor activators, 29%, statins; and 17%, fish oil. Further, 9% of the patients had been treated with immunosuppressives before baseline evaluation and 7% after. ACEI or ARB therapy was withdrawn in seven patients (4%) during the study. Five patients had CVD at baseline (ischemic heart disease, valvular stenosis, arrhythmia, stroke).
The Ethics Committee of Karolinska University Hospital, Stockholm, Sweden, approved the study protocol, and informed consent was obtained from all patients.
Biochemical Analysis
Blood samples were drawn after an overnight fast at baseline, and routine biochemistries were analyzed immediately. Additional blood samples were spun and serum stored in 270°C until further analysis. For the assessment of albuminuria, patients had provided a 24-hour urine sample (30%) or a morning urine sample for analysis of the urine albumin-to-creatinine ratio (reference , 3.0 mg/mmol). From the latter samples, 24-hour albuminuria was calculated using the Cockcroft-Gault formula in accordance with Fournier and Achard (22) . FGF23 was measured using Cterminal ELISA (Immutopics, San Clemente, CA). 25(OH) vitamin D was analyzed with the IDS 25-Hydroxy Vitamin D RIA kit (immunodiagnosticsystems, Boldon, UK) Calcium was corrected for serum albumin using the following equation:
albumin-corrected calcium ¼ serum calcium þ 0:02 3ð40 2 serum albuminÞ:
GFR was estimated by four-parameter Modification of Diet in Renal Disease (MDRD) equation (23) and by CKD Epidemiology Collaboration (CKD-EPI) equation (24) .
Follow-up Data
Follow-up data were collected from the patient's records once yearly, and the number of follow-up points ranged from 1 to 15. Some patients had their clinical visits more rarely because of a benign prognosis or low attendance (n=18). Time-averaged albuminuria was calculated as the average of all follow-up values.
Definition of Renal Disease Progression
Disease progression was defined a priori by two different endpoints: (2A) entering ESRD (CKD stage 5) or $50% reduction in estimated GFR (eGFR) and (2B) entering ESRD or $25% reduction in eGFR by 10 years. Endpoint 2B was predefined to reduce the number of patients misclassified because of a limited follow-up period.
The rate of decline in renal function was expressed as the yearly slope of eGFR, which was obtained by fitting a straight line through the calculated eGFR values, using linear regression and the principal of least squares. All patients with at least three measurements of serum creatinine during follow-up (n=175) were included in this analysis.
Statistical Analyses
Values are expressed as mean 6 SD or median (interquartile range) as appropriate unless otherwise indicated. Nominal variables are expressed as percentages. A Spearman rank test was used for all univariate correlations. FGF23 and PTH were natural log-transformed in continuous models because of their skewed distribution. In a multiple regression model, the correlation of log FGF23 to time-averaged albuminuria and to the annual loss of eGFR (negative eGFR slope) was examined after stepwise inclusion of possible confounders. Survival analyses were made with the Kaplan-Meier survival curve and the Cox proportional hazards model, comparing highest tertile versus middle and lowest tertiles of FGF23 as a categorical variable and using log FGF23 as a continuous variable. Because of the limited number of events, we selected the models according to known confounders of mineral metabolism (model 1) or established progression risk factors (model 2). In primary analysis, we adjusted for a maximum of four variables in the different models, choosing only variables that were predictive at a significant level in crude analysis. A P value less than 0.05 was regarded as representing a statistically significant difference. Stata software, version 12 (Stata Corp., College Station, TX), was used for all calculations.
Results
Baseline Analysis
Clinical and biochemical characteristics of the study cohort are presented in Table 1 
FGF23 and Time-Averaged Albuminuria during Follow-Up
Patients had an average of 4.4 albuminuria measurements during follow-up (median time-averaged albuminuria, 0.18 g/24 hours [range, 0-7.4 g/24 hours]). FGF23 correlated significantly with time-averaged albuminuria (r = 0.32; P,0.001), and log FGF23 remained a predictor of time-averaged albuminuria in multivariate models adjusting for age, sex, serum albumin, calcium, phosphate, PTH, 25(OH) vitamin D, baseline albuminuria, baseline eGFR, MAP, BMI, and the use of ACEIs or ARBs (Table 2) .
Renal Survival Analysis Using Endpoint A
During follow-up (median, 55 months [range, 12-177 months]), 15 patients (8%) were defined as progressors. In Kaplan-Meier analysis, FGF23 levels in the highest tertile (.23 RU/ml) were significantly associated with CKD progression ( Figure 1A) . In Cox proportional hazards model, log FGF23 was associated with disease progression after adjustment for factors of mineral metabolism (model 1), for baseline eGFR and MAP, or for baseline albuminuria alone, but not after adjustment for a combination of these factors (model 2) (Table 3 ). However, log FGF23 was an independent predictor of outcome in each model when using the CKD-EPI formula for eGFR estimation, which identified a total of 17 patients (9%) reaching endpoint 2A ( In Kaplan-Meier analysis, FGF23 levels in the highest tertile were associated with CKD progression ( Figure 1B) . Log FGF23 remained significantly associated with endpoint 2B using the same multivariable models as for endpoint 2A. Using the CKD-EPI equation for eGFR identified 39 patients (22%) reaching endpoint 2B and slightly reinforced the results (Table 3) . Of note, FGF23 predicted 
CKD Progression Defined as Annual Loss of eGFR
The median annual loss of eGFR was 0.8 ml/min per 1.73 m 2 (range, 28.4 to 32.3 ml/min per 1.73 m 2 ). FGF23 correlated significantly to the annual loss of eGFR (r = 0.20; P,0.007). In multiple regression analysis, log FGF23 levels independently predicted the eGFR slope (Table 4) . Similarly, the negative slope of eGFR increased over tertiles of FGF23 with borderline significance (P=0.06) (Figure 3 ).
Secondary Analyses
Exclusion of patients with prevalent CVD at baseline (n=5) or individuals who commenced therapy with reninangiotensin-aldosterone system (RAAS) inhibitors or vitamin D receptor activators (i.e., drugs that may influence FGF23) after study onset (n=43 [24%]) or adjustments for immunosuppressive treatment received at any time during the study did not modify our results (data not shown). Using multiplicative interaction terms, we found no evidence for interaction between log FGF23, eGFR, or baseline albuminuria in relation to any outcome (P.0.05 for both variables). Finally, there was no relation between FGF23 and interstitial fibrosis in a subset of 16 biopsy samples that were obtained within 3 months from baseline and available for Oxford-MEST histopathologic classification, which describes the presence of mesangial hypercellularity (M 0-1), endocapillary hypercellularity (E 0-1), segmental glomerulosclerosis (S 0-1), and tubular atrophy/ interstitial fobrosis (T 0-2) (data not shown).
Discussion
This study analyzed the relation between FGF23, albuminuria, and CKD progression in a Swedish cohort of patients with chronic IgAN. We report on novel associations between FGF23 and albuminuria across the spectrum of CKD stages 1-4. Higher FGF23 levels were similarly associated with faster decline in renal function, suggesting a role for FGF23 as a potential biomarker of CKD progression in patients with IgAN.
The concept of FGF23 as a potential biomarker in CKD has gradually emerged on the basis of clinical studies linking FGF23 to hard endpoints, such as mortality, cardiovascular events, CKD progression (10-12,27-29), and allograft loss among kidney transplant recipients (30) . Although it can be viewed as strength that FGF23 predicts outcome in heterogeneous CKD populations, this does not exclude the possibility that such relations are modified or absent in diagnosis-specific CKD populations. To our knowledge, this study for the first time demonstrates an association between FGF23 and CKD progression in nondiabetic patients with CKD who have one single renal diagnosis. Further, to the best of our knowledge, the relation of FGF23 to albuminuria has previously been described only in patients with prevalent CVD (31) and in a small cohort of patients with diabetic nephropathy (32) . This study shows that FGF23 correlates not only to baseline albuminuria but also to time-averaged albuminuria during follow-up. Circulating FGF23 levels are determined by many different factors, including hyperphosphatemia (3, 33) , dietary phosphate load (34) (35) (36) (37) (38) , the degree of secondary hyperparathyroidism (39) , and vitamin D exposure (40, 41) ; therefore, it is reasonable to assume that FGF23 may reflect the overall risk exposure related to these factors. Indeed, some studies support that FGF23 potentially is a more robust biomarker of outcomes than any other measure of mineral metabolism (11, 30) . However, we found that FGF23 associations with albuminuria and CKD progression were not influenced by adjustments for changes in mineral metabolism, suggesting that a concurrent disturbance in mineral metabolism is not the major explanatory pathway for FGF23 relation to these outcomes. In contrast, FGF23 association with CKD progression was weakened after adjustment for baseline eGFR, albuminuria, and other potential confounders in multivariate models. These data should, however, be carefully interpreted on the basis of the relatively few events during follow-up, which limits the validity of heavily adjusted models.
The relation of FGF23 to time-averaged albuminuria is a novel finding, although causality remains unclear. FGF23 may directly contribute to glomerular damage and enhanced proteinuria because the kidney is the primary target organ for FGF23. FGF23 signaling, however, is localized to the tubuli, where its co-receptor Klotho is expressed, so this scenario would require Klotho-independent FGF23 signaling. This requirement was evidenced in a recent study by Faul et al. , who demonstrated such effects on cardiomyocytes (42) . Further studies should examine whether FGF23 modulates glomerular basement membrane characteristics. Alternatively, FGF23 may reflect vascular status that secondarily aggravates a decline in renal function or proteinuria. Unfortunately, no information on vascular status was available in this study, whereas previous studies have shown that higher FGF23 levels were associated with markers of cardiovascular abnormality, such as endothelial dysfunction, atherosclerosis, and left ventricular hypertrophy (7, 8, 19, 20) .
Another scenario is that FGF23 is linked to albuminuria through its effects on vitamin D metabolism. Vitamin D receptors are expressed in the glomeruli, and vitamin D treatment has proven to reduce proteinuria alone or in combination with blockers of the RAAS (43) . However, this is contradicted by the fact that, unlike FGF23, 25(OH) vitamin D was not associated with baseline or time-averaged albuminuria and did not modulate this relationship in multivariable models. Finally, the relation between FGF23 and albuminuria could also be mediated by RAAS activation because this has shown to reduce the FGF23 co-receptor Klotho, which presumably leads to increased FGF23 expression (44) , and in vivo delivery of Klotho ameliorates angiotensin II-induced renal damage (45) . Of note, FGF23 levels were significantly increased in In a stepwise regression model, log fibroblast growth factor-23 (FGF23), age, sex, serum albumin, baseline albuminuria, baseline estimated GFR, calcium, phosphate, parathyroid hormone, 25-hydroxyvitamin D, mean arterial BP, body mass index, and the use of angiotensin-converting enzyme inhibitors or angiotensin-receptor blockers were included. Log FGF23, calcium, and albuminuria were retained as significant (adjusted R 2 = 0.22 for the whole model; P,0.001).The regression coefficients are adjusted for the listed variables.
RU, relative units. patients who received ACEIs or ARBs compared with those who did not, but it remains uncertain whether this can be explained by treatment-by-indication bias. Some potential limitations should be acknowledged. The moderate-sized cohort and small number of events during follow-up reduced the power in our estimates. The cohort represents a cross-section of prevalent and incident IgAN patients; thus, there is large interindividual variation in the actual number of years with preceding kidney damage before FGF23 was measured. However, this could also be viewed as strength given that it more accurately reflects the clinical situation in which IgAN is diagnosed at various stages after onset of disease. Finally, we cannot exclude the possibility of treatment changes over time as a potential bias, although only a small proportion of the patients were introduced to drugs that are known to influence FGF23 and exclusion of these participants did not alter the results. Further, any potential bias by variations in treatment would most likely conservatively bias our risk estimates.
In conclusion, circulating FGF23 is associated with albuminuria and CKD progression in patients with IgAN. This study extends the role of FGF23 as a potential biomarker for CKD progression in IgAN and poses the question of whether FGF23 modifies albuminuria or fibrosis as part of an "offtarget" effect that was recently evidenced in the cardiovascular system (42) . 
